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NUCLEAR REACTIONS AMONG THE HYDROGEN ISOTOPES AT LOW ENERGIES

Ronald E. Brown, Nelson Jarmie, and R. A. Hardekopf
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Summary

The low-energy fusion cross-section (LEFCS)
apparatus installed at the Los Alamos Van de fraaff
fccilicy has been used to measure the cross sections
for the {mportant fusion-energy reaction D(t,@)n over
the triton bombarding energy range of 12.5 to 117 keV.
This corresponds to an equivalent deuteron bomharding
energy range of R.3 to 78.1 keV and to a D+T plasma
temperature (kT) range of 0.7 to 18.8 keV. Over most
of the energy -ange the cross sections are accurete to
1.4%, with the error rising to 4.8 at the lowest
energy. A data base was constructed for deutrron
bombarding enrrgies up to about 250 keV that Incluvded
our data and four other data sets.l=% This data base
can be titred quite well with a single-level (3/2%)
resonance formula in the R-matrix formalism. Work is
rurtently I{n progress on the D(d,p)T and D(d.'He)n
reactions, with studles of D(t,Y) and T(t,@)nn planned
for the future.

At the Los Alamos Van de Graaff Fnclllty.5 we have
developed and Installed an apparatus h=8 (LEFCS) for
the study of nuclear reacrtions” that are fundamentl
to the {mplementatfion of energy productifon through
controlled thermonuclear processes. The bombarding
cnergfes for these studfes are (n the range 10 to 120
ket', and conslderabhle elfort has heen expended Lo
reduce svatematfc errors to an overall level of a few
percent . Tnit{ally we are Investipating reactlons
among the hydropgen [sotopes: (1) we have completed
meaasurement s on the DU, A)n reactlons; () we are
curreat Iy warking on the 2, p)T and D{d, "He)n reac-
tions, aml: (1) we plan to study DCL,Y) and T(L,Q)nn
In the {mmediate future.

The  experiments  are perforned by acceelerating
negrat fvely charpged H, Dy oor T Jowa throuph a window-
Lecoo, crvopenle ol Iy punped, as target and (nto a bean
colorimeter.  The tarpet deesity s measared and the
cilovimeter calfhratfon 'a chocked by u-ing partiele
beamy ol several MoV enerpy fror Che Los Alamos Tandem
Van de Graat. A calfbratea reatstor stack 15 used to
deteimine toe LEFCS beam cnerg: to high preciston.
Thils enerpy has been cheched to somewhat less aecuraey
by o tfme-ot (1pht method ustng v puined laser to
provduce o bharst of neutral atoms by photodetachnent of
the nepative fon .

Flpure 1 shows a schesatle diagram of the 1LTFCS
syl
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Flipure 2 fllustrates the pan carget aml detector
arrvangement . To Leep nystemat i errvors arfirlng Trom
beam enorgy unecertatorfen at o low level, there are an
pasceont tndng tofla (o the heam path. nutead, the
tarpet pis (unually D) flows out thiough the hean
ports and la trozes onto wntaces keptoat 4 K by oa
Hgquid-NHe dowar.  The remafning tew perceat fu pumped
av o 00-L /e tarhosolecalar punpe The Toogas dtn the
tarpger o oat a tesperature ol 10 b ol Hlows gt
rate ol % atd-ce/min. Theue ul---'.llllin,', l'lll|llll|"'ll'l
yleld o target density ol about 10410 D artomn/ n
(4 preusure of .-|‘Imnl HomTorr and an areal denaloy ot
aboat 0,01 Mg /em Yo o the DO, M oxpevimonts, this
denstty cauned the total envrgy loasa In the tarpel to
be dtn the tanpe 70 1o 190 eV, which aadn Foepa errors
arvlalng trom heam caergy nmertalnitesa at a tow tevel,
The target denntty wan determtued to o0 by weatr bap
10 MeVo o piotonn trom the deuter tim s and g, the
buown seattering cronn wect bon, which we hal measur !
to OWRL o a meparale exper bment ., Note fn Fig.o 1 othat
elther the low encagy Seam or the beam feom the o
Alamona Tandim Van de Geaall can be o divecred thioagh
the targer . The tarpet temperature and pan (low aare
can he gewet with high tepoducthil ey and premaln
qulte conntant ot extended peyfods ot thae. T the
caltbratton ruon, we deternfned how the tacget deantty
changes with varlatton ot rhe flow and temperatine
nhout thefy waval valuea,



N

CALORIMETER
CHAMBER
GAS
TARGET
10.5 K
8 mTORR
4 K
75K
Q 270 K
N Q)
GAS \
FLOW SILICON
INPUT DETECTORS

BT AM ENTRANCE
CL._!MATOR

580 TORR

Fig. ?

LEFCS pas target

and detector mystem.
4 port ‘or of the 4-K and 75-K
nurtfaces are shown.

Only
cylindrical

The reactfon particler leave the targed  yolume
throuph six  tulesx thelv outer ends by
0= fem?, wtrereled polvpropylene fotla. !9 The reac-
Liow volumen are defined by D-mm-wilde, vertlical ylits
In a ring parttioned near the tnaer
ends of the tubes ang by Tam=diam apertures near the
outer ends of 1he tubes.,
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Thia arrangement defines sl

neminal  reaction anglea of 448", 45'k, 757k, 9071,
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tighe of the {oeldent beam (ar viewed (n Fle. 7)Y,

about 4010 em wr at
an anpular aceeptanee in the
T (PWIM) at each angle.

On emevglng trom the target aml panstng through
the polvpropylene folla, the jeactton products feploge
wpon SO Jin thilok, af e 0. Lasrder detectarna,
and 1t they ave envigette vnongh ta pats through auch
a letector, they then enler afwmilor detectora of
SO0y T hitekpesu. Par the (0 ) axperiment, only
the YO Jm dotrctors were connevied (o the datae Acquial
tion ayatem, an they yemdlly atop the
O MeV 0 panclelen tram v hat
deinctorn vere no
tlon experiment .
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to thin conference, T i der, the volleot Tay

cup lun blaned cold hy a theimoelectile coollng vltoult

meann. The
canl) fhated

and wvarmed back up to
furnished by a heating

ambient temperature by power
transistor. Thus in the no-
beam steady state, the heat furnished to the cup by
the heacing transistor is balanced “ the constant
heat withdrawn from the cup by the cooling circuit,
snd the cup is then at the same temperature as ira
surroundings, rhereby reducing heat leaks. The
heating-trunsistor power is measured accurately and
regulated by an electronic circuit. When the beam is
on, the power to the heating transistor is automat-
ically decreased just enough to again bring the cup ro
amblent temperature. Thus, the decrease in pover tr
the heating transistor is a measure of the heam pov- . c.
The calorimeter electronics integrates this bean power
over the run duration to yileld the total energy
furnished by the bheam, independent of the beam's
charge rtate:. Knovledge of the beam energy per par-
ticle as it enter3 the calorimeter then allows us to
calculate the beam flux. The calorimeter was cal-
ibrated by using the known heat output of a preclsfon
resistor embedded ir the cup. Thls calibratlion was
checked by using a 3-MeV-proton beam from "he Van de
Graaff and comparing the calorimetrically determined
beam flux with that determine simultaneously by
charge collection. The callbratlon {s accurate to
0.08% over a power range of 10 to R0 mW.

Lascr Time-of-Flight System

We have been working on a time-of-flipght apparatus

that can pe mounted at the beam exit port of the
scattering chamber In lace of the e . crimeter. The
intention is to bhe able ro check the beam cnergy as

obtained from the calibrated renistor stack and to
studly the energy loag (n the gas target and  hean
energy spreads.  The method conslsts In measuring the
flight time of a packet of neutral beam atoms produced

by exposing the nepgative component {n the beam te a

st pulne of 1-Mm radlation from a NI-YAG laser.
Most of our studles to date have heen with o 20~ orv
40-kev=triton beam.  Shitts Ion bean enerey of a fow
teny of eV oare readily observed with the syntem; how-

ever, we have not yet obtained sutficieot stability
and reproductbi ity to make accurate absolute cnerpy
measurements; for example, we have been able to cheel,
the beam erargy to an accuracy of ouly h0 to [0 eV at
20 LoV,
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TABLE 1, SIGNIFICANT ERROR CONTRIBUTIONS, T(o, ) He

SCALE ERROR = i.3% FROM 9 SGURCES, LARGELY FROM THE
D(p,P)D CALIBRATION; THE OTHER 8

SOURCES RARELY ABOVE 0.1%

RELAT IVE ERROR: FROM 7 SOURCES; ONLY COUNTING
STATISTICS (Y) AND BEAM INTENSITY

(CALORIMETER, Cp) ABOVE 0.32

Tor Tor
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Error Contributions

The care we have taken with respect to the bean
crergy has resulted {a very small uncertatnties in the
nean besm energy ol the center of the gas target (the
reaction enorgy); namely, 6 eV at 12.9% keV rlsine to
16 eV at 117 kev. *he enerpy spread in the reaction
enerpy fu 17 eV at 17.5 keV rising to 15 eV at
The relative ereors In o the Integrated crors sections
vary from 0.%% at the hipgh enerpies to 4.67% at the
Towest enersve  In addition, there (s an overall seale
al 1.7, Tahle T summartzes the wignitleant
crror contribut jons, nute that Lhe equlvalent deutoron

horharddng  enepepy Is o plven Instag !l of ke trirton
cnerpy.
Resultn

Thee relatlve detevtlon edtfclenclos of the gix

doetectors (Flpo M) are kuown to 1720 and 1o this level

of accuracy we tind that the cam, it leventlal cross
section for the DO, reaction (s fodependent  of
anple, tadicating the domipance af the a-wave {nter:
avrion o the dor channelc Thle tact aluo yloplitles
the caleulation of the Jntepgrated cronn sect lony  we
wlmply  compate the average cam. fittoronttal croca
wection trom the alx measoved values apd multdply by

A, Flewre bt a0 seailog plot ol the {ntegrated
crown et lon vit hombardiog enerpy. The- ecrosy gqee-
tfon has heen measared aver 4 tampge of four nrde s ol!
mapnitude, tanpging trom 2% b odown 1o 0050 mb. Thitla
lovwe st Value  coppesponds tea ditlerentia’ nwcl
neet fon ot alol hi/ng, whifch 10 not extyeme vy Lo by

anme ataplidy; however, Pt muast he pemembered o hat

aboat 0.01 Hpiewm?, A
for comparfson puypoaen

hel e we une
1 e

shoawn (n Flg. 4.

A vy ahtn tarypet,

form ot data more auetul
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the vy dependence of A
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good agreement withk the data of Connerl (Fig- 5) and
Arnold? (Fig. 7), although some systematic differences
can be noted. The measurements of Bretcherl? and
Jarvisld (Fig. 7) are in marked disagreement with

the present experiment, and although the data of
Katsaurov3 and ArgoU (Fig. 6) do not have a large
ovarlap with our energy range, they do seer on the
average to lie somewhat higher rhan our values. The
data of Kobzev? (Fig. 5) do not overlap in energy with
ours, but do lfe below the smooth trend that would be
indicated by our measurements. It is seen thit the
main value of our data lies in their signitficantly
snaller (usually by at least a factor of 3) errors
than those of previous work.

The previous R-matrlx analysis of the mass-5
aystem glves cross-section predictlons cthat are
about 7% below our measurements. A reanalysis i@
undcruny17 in whlch the present results are Included
In the data base. We are also attempting L. under-~
stand the anomalous 3/2% amtreugth that we obtained
from our sinple-level flr.

EHEHEE_EQEE.USI“H the LEFCS Faclllty

\Ye are presently maklng meaNurements for the
D(d,p)T and D(d,’He)n reactlons, and will soon be
stadying uLhurJ charged partlele reactlons such as
Tet,Wun and D He,@Wp.  Recently the {dea has been
propounded Lo use the rarely produced, bhut erergetle
gamma rayvs f1om some of these few-body reactfons to
diaztnose the operation of fusinn=energy devices. Many
af the crods sectionn for produclng such gamnma rays
are very poarly known, and the LEFCS facility coul! be
very uselul In making such measurements. We hope *o
Inttfate sueh a propgram by ({rgst stadying the D(U,Y)
reactlon.
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